Abstract Diabetes worsens stroke outcome and increases the risk of hemorrhagic transformation (HT) after ischemic stroke, especially with tissue plasminogen activator (tPA) treatment. The widespread use of tPA is still limited by the fear of hemorrhagic transformation (HT), and underlying mechanisms are actively being pursued in preclinical studies. However, experimental models use a 10 times higher dose of tPA than the clinical dose (10 mg/kg) and mostly employ only male animals. In this translational study, we hypothesized that lowdose tPA will improve the functional recovery after the embolic stroke in both control and diabetic male and female animals. Diabetes was induced in age-matched male and female Wistar rats with high fat diet and low-dose streptozotocin (30 mg/kg, i.p.). Embolic stroke was induced with clot occlusion of the middle cerebral artery (MCA). The animals were treated with or without tPA (1 mg/kg, i.v.) at 90 min after surgery. An additional set of animals were subjected to 90 min MCAO with suture. Neurological deficits (composite score and adhesive removal test-ART), infarct size, edema ratio, and HT index were assessed 3 days after surgery. In the control groups, female rats had smaller infarcts and better functional outcomes. tPA decreased infarct size in both sexes with a greater effect in males. While there was no difference in HT between males and females without tPA, HT was less in the female + tPA group. In the diabetic groups, neuronal injury increased in females reaching that of the infarct sizes seen in male rats. tPA decreased infarct size in females but not males. HT was greater in female rats than in males and was not further increased with tPA. Diabetes worsened neurological deficits in both sexes. Male animals showed improved sensorimotor skills, especially with tPA treatment, but there was no improvement in females. These data suggest that diabetes amplifies neurovascular injury and neurological deficits in both sexes. Human dose tPA offers some degree of protection in male but not female rats. Given that control female animals experience less injury compared to male rats, the diabetes effect is more profound in females.
Introduction
It is well established that diabetes increases the risk and worsens functional outcomes of acute ischemic stroke [1, 2] . Experimental studies using various models of diabetes corroborated the clinical findings and showed that diabetes exacerbates vascular injury, i.e., increased brain swelling, hemorrhagic transformation (HT), and blood-brain barrier (BBB) disruption, leading to greater neurological deficits [2] [3] [4] [5] . Studies also showed that the extent of neuronal injury varies with blood glucose levels in different models of diabetes. We have reported that there are also differences in the extent of neurovascular injury depending on the stroke model used [6] . Most of these studies employed the middle cerebral artery suture occlusion (MCAO) model of stroke. In a recent study, we showed that embolic occlusion of the MCA caused less bleeding compared to the suture occlusion model [6] . While it is known that tissue plasminogen activator (tPA) increases the risk of bleeding to a greater extent in diabetic individuals and tPA remains to be the only FDA-approved therapeutic for ischemic stroke patients, a comparative analysis of neurovascular injury and functional outcome after an embolic stroke in control and diabetic models with and without tPA administration was lacking. Furthermore, current embolic stroke models use a 10 times greater dose of tPA than that used in patients, due to the differences in the human and rodent fibrinolytic system [4, [7] [8] [9] [10] . Recent studies showed that a lower dose of tPA is also effective in rodents [11] . Thus, the first goal of this translational study was to test the hypothesis that tPA improves the neurovascular injury and stroke outcomes in diabetes by using the embolic MCAO with or without human dose tPA treatment.
Stroke is a sexually dimorphic disease. It is well established that women are protected from cardiovascular disease including stroke until they reach menopause, after which there is a disproportionate increase in the incidence and severity of ischemic stroke [12, 13] . Given that diabetes increases the stroke risk, especially in younger individuals and females [14] , there is an urgent need to better understand stroke recovery in diabetic female subjects. Preclinical studies on diabetic stroke in females are extremely limited, however [15, 16] . Accordingly, the second goal of this study was to test the hypothesis that diabetes exacerbates neurovascular injury and worsens functional outcomes in a sex-independent manner.
Materials and Methods

Study Design and Animal Groups
The animals were housed at the Augusta University animal care facility, which is approved by the American Association for Accreditation of Laboratory Animal Care. All protocols were approved by the institutional animal care and use committee. This study was conducted in accordance with the National Institute of Health guidelines for the care and use of animals in research, and adhered to the current RIGOR guidelines for the translational research with respect to (1) blinding of the study, (2) randomization of treatment (intervention) groups, (3) power analysis, and (4) statistical analysis [17, 18] . The animals were randomly selected (in a block size of two rats per cage) for the sham, embolic MCAO, and suture MCAO, with or without tPA treatment groups. All behavioral testing and data analyses were conducted in a blinded manner.
Wistar male and female rats (Envigo, Indianapolis, IN) at 11-12 weeks of age were used (6-8/group). Diabetes was induced by a 45% high-fat diet (HFD, Research Diet Inc., New Brunswick, NJ) starting at 4 weeks of age and a singledose streptozotocin (STZ) injection (30 mg/kg) at 6 weeks of age. Control animals received regular chow. Blood glucose was measured during the light cycle twice per week until stroke surgery and daily after that. Embolic or mechanical suture occlusion was used to induce stroke 6-7 weeks after STZ injection. HFD was continued until sacrifice at day 3. In a subset of the male and female animals, blood lipid profile and insulin levels were also measured by specific assays as follows: Free Fatty Acids (FFA) HR Series NEFA-HR kits from Wako Pure Chemical (Osaka, Japan), Infinity Triglycerides and Cholesterol kits from Thermo Scientific (Middletown, VA), and rat/mouse insulin ELISA kit from Millipore, (Billerica, MA). Elevated blood glucose levels in diabetic animals were confirmed by hemoglobin (Hb) A1c measurement with Bayer A1cNow system (Fisher Scientific).
Preparation of Blood Clots
The method of clot preparation was adapted from earlier reports and modified to increase clot stability as we recently reported [19, 20] . Briefly, arterial blood from a donor rat was supplemented with human fibrinogen (2 mg/mL) and immediately withdrawn into 20 cm of polyethylene (PE)-50 tubing to clot at room temperature for 6 h and subsequently kept at 4°C for 18 h. The PE-50 tube containing the clot was cut into 5-cm-long pieces. The clots were then transferred to a Petri dish containing sterilized saline and left for further retraction at room temperature for 4 h. A single 4 ± 0.5-cm-long clot was transferred to a PTFE Sub-lite catheter (Braintree Scientific Inc., Braintree, MA) for surgery.
Stroke Surgery
Focal cerebral ischemia was induced by embolic or suture MCAO as previously described [6, 20] . In experiment I with embolic stroke, rats were randomly assigned in a block size of two rats per cage to eight different groups: male or female control vehicle, control tPA, diabetes vehicle, and diabetes tPA. In experiment II with suture MCAO, rats were randomly assigned in a block size of two rats per cage to four different groups: male or female control and diabetes. In female rats, the estrous cycle was monitored by vaginal swab [21] and stroke surgery was performed during the diestrus phase. Animals were anesthetized with 5% isoflurane, and maintained with 2.0% isoflurane in 70% N2 and 30% O2 using a facemask. The PTFE sub-lite catheter containing the clot was inserted up to the origin of MCA through the stump of the external carotid artery (ECA), and the clot was gently injected with 100 μL of the sterile saline. The catheter was removed immediately after embolization. Laser Doppler imaging with a scanning system (PIM3, Perimed, North Royalton, OH) was used to confirm a successful occlusion and ensure similar levels of cerebral blood flow (CBF) reduction in all groups 10 min after emboli or suture insertion. Since repeated exposure to isoflurane can affect infarct size measurements, in a small set of male animals, CBF was monitored over time after stroke (Fig. 1a, b) to evaluate spontaneous or tPA-mediated resolution of the clot. Relative CBF (rCBF) was expressed in the ischemic hemisphere as percent of nonischemic hemisphere starting with preMCAO measurements. In the embolic model, animals received 1 mg/kg tPA (Cathflo Activase (Alteplase), Genentech) or vehicle (sterile saline) of equal volume intravenously infused over 20 min through the femoral vein starting 90 min after cerebral ischemia induction. In the suture model, MCAO duration was 90 min. Animals were followed up to 72 h after surgery.
Evaluation of Neurovascular Injury
Brain slices (A to G, +6.7 to −8.8 mm of the bregma) were first imaged for analysis of macroscopic bleeding (HT index) and then stained with 2,3,5-triphenyltetrazolium chloride (TTC) for infarct size and edema measurements [22] . Infarct size was calculated as the percentage of the ischemic hemisphere. Edema was calculated as a percent increase in the ischemic hemisphere vs. the contralateral hemisphere. After imaging, the hemispheres were separated and deep frozen for tissue hemoglobin quantification with the QuantiChrom kit (BioAssay Systems, Hayward, CA) and reported as excess hemoglobin (ischemic hemisphere-sham Hb, μg/mg protein) [23] . The HT index was scored in brain slices B to E using a five-point rubric (0-ischemic damage with no hemorrhage; 1-dispersed individual petechiae; 2-confluent petechiae; 3-small diffuse hemorrhage or hematoma; 4-large diffuse hemorrhage or hematoma) and the total score for each animal was reported [24] .
All endpoints for neurovascular injury were measured by a blinded investigator.
Behavioral Measurements
Neurobehavioral tests were recorded and scored in a blinded fashion as described before [25] . Animals were handled for 5-7 days prior to surgery in rooms where the tests were to be carried out. Tests included the Bederson score, beam walk, and adhesive removal test (ART) before and after stroke at 24 h (day 1) and 72 h (day 3). The Bederson score for each rat was obtained by using four parameters which include (a) observation of spontaneous ipsilateral circling (2 for no circling, 1 for partial circling and 0 continuous circling), (b) contralateral hindlimb and (c) forelimb retraction which measures the ability of the animal to replace the limb after it is displaced laterally by 2 to 3 cm (2 for immediate replacement, 1 for replacement after minutes, and 0 for no replacement), and (d) resistance to push (1 or 0, depending on whether the animal is able to resist pushing or not). Maximum score of 7 was allotted to a normal rat. Beam walking ability was graded based on a seven-point scale method as described by Feeney et al. [26, 27] . Composite neurological score was reported as the sum of the Bederson score and the beam walking score on a 0-14 scale with 0 indicating death. ART was carried out as previously described [28] with modification. Contact and removal latency of the adhesive paper dot was recorded on days 1 and 3 after MCAO. For each day, the average was taken from 3 trials with a maximum removal latency of 180 s per trial.
Data Analysis
Power analysis were made at alpha = 0.05. Based on the Hb index data in our preliminary studies (control 1.5 ± 3.0 and diabetic 13 ± 4.0, mean ± SD), a sample size of 8/group was predicted to provide at least 85% power to detect the effect of disease and a 25% extra was added due to the increased mortality with tPA treatment.
Mortality was observed either at day 1 (6-24 h after MCAO) or day 3 (48-72 h after MCAO). The number of animals that died in each group is shown on Table 1 . If an animal died on day 1, infarct size, edema, Hb, or HT results were not included in the analyses since these parameters were measured at day 3 in most animals. However, since behavioral tests were done at both days 1 and 3, a composite score of 0 and ART score of 180 s was included in day 1 results. If an animal died on day 3, all endpoints were included in the analyses.
Analysis of change from pre-stroke values for rCBF for control male rats was determined using a paired t test within time point. The rate of change of rCBF for each rat was determined using linear regression from 10 to 180 min post-MCAO. The individual slopes were analyzed in a 2 disease (control vs. diabetes) × 2 tPA (no vs. yes) ANOVA. Analysis of the effect of diabetes and tPA treatment on infarct size, edema, excess Hb, HT index, and behavioral indexes at day 1 or day 3 was performed using a 2 disease (control vs. diabetes) × 2 tPA (no vs. yes) ANOVA for male and female rats. An interaction between disease and tPA would indicate a differential effect of tPA treatment dependent on disease status. Analysis of the effect of time on functional recovery was performed using a 2 tPA (yes vs. no) × 2 time (day 1 vs. day 3) ANOVA for control and diabetic rats. Analysis of the effect of diabetes and sex for infarct size, excess Hb, and behavioral indexes at day 3 was performed using a 2 disease (control vs. diabetes) × 2 sex (male vs. female). An interaction between disease and sex would indicate a differential effect on the outcomes of gender dependent on disease status. A Bonferonni's test was used to determine significant differences among means for significant interactions. SAS 9.3 and GraphPad Prism were used for analyses and statistical significance was determined at p < 0.05.
Results
Metabolic Profile
Diabetes groups had higher blood glucose levels than control groups in both embolic and suture MCAO studies (Table 1) . Body weight was significantly lower in all female groups since groups were age matched to male groups. HFD + lowdose STZ intervention also increased plasma lipids in diabetes groups and the increase was greater in male rats ( Table 2 ). Hb A1c level was not significantly different between male and female diabetes animals.
Changes in Cerebral Blood Flow Overtime after Embolic Stroke
To determine the temporal profile of spontaneous resolution of the clot, in the first set of experiments, cerebral blood flow (CBF) was measured in male rats up to 6 h after clot insertion. As shown on Fig. 1A , CBF gradually started increasing after 60 min and reached baseline levels by 6 h after surgery. Analysis of slopes from 10 to 180 min (no tPA 0.12 ± 0.11 vs. tPA 0.26 ± 0.14, p = 0.0041) showed a treatment effect such that animals receiving human dose tPA showed a faster recovery of CBF regardless of disease status (Fig. 1B) . Fig. 2A) . Similarly, tPA reduced edema in both groups (Fig. 2B ). Hemorrhagic transformation (HT) was greater in diabetic rats as indicated by higher Hb values (Fig. 2C ) and HT index (Fig. 2D) . tPA treatment increased excess Hb in both control and diabetic groups whereas macroscopic bleeding was increased in the diabetic group. On day 1 after stroke, while composite score appeared to be lower in the diabetic group, there was no difference in sensorimotor deficits between groups. Mortality (score of 0) was also similar between control and diabetic groups (Fig. 3A) . By day 3, deficits were worsened in vehicletreated diabetic animals but the tPA-treated group showed greater improvement as compared to day 1 (interaction p = 0.0251). Mortality (composite score = 0) was higher in the diabetic group (Fig. 3B ). However, due to the wide distribution of scores, there was no significant difference between control and diabetic groups overall. tPA treatment had a similar impact on deficits with a p = 0.07 indicating a trend for improvement in both groups. ART showed that fine motor skills were lessened in the diabetic group in day 1 (Fig. 3C) . Control animals showed a significant improvement especially with tPA treatment by day 3 but the improvement was very modest in the diabetic rats. There was a trend for higher ART in diabetic animals as compared to control animals at day 3 (Fig. 3D , p = 0.07).
tPA Effects on Neurovascular Injury and Functional Outcomes in Female Rats
While the infarct size was on the higher end of the scale in a majority of diabetic female animals, there was no statistically significant difference between control vs. diabetic groups (Fig. 4A) . tPA had a similar effect in reducing infarction in both groups. For edema, there was a disease and treatment interaction such that tPA reduced edema in the diabetic but not control animals (Fig. 4B) . Diabetes increased both Hb values and HT index but tPA had no effect on hemorrhage in females (Fig. 4C, D) . On day 1 after stroke, composite score was much lower in diabetic animals, indicating more deficits. While there was trend for improved outcome in controls treated with tPA (p = 0.09), it had no effect in the diabetic arm (Fig. 5A) . By day 3, control animals recovered to baseline but diabetic animals showed no significant improvement. Mortality (score of 0) was also greater in diabetes (Fig. 5B) . ART showed that fine motor skills were impaired in the diabetic group in day 1 (Fig. 5C ) and tPA had similar effects in both groups. Control animals showed a significant improvement especially with tPA treatment by day 3 but there was no improvement in the diabetic group (Fig. 5D ).
The Impact of Sex on Neurovascular Injury Induced by Different Models of Stroke
Comparison of male and female animals subjected to embolic stroke (no tPA) showed that infarct size was smaller in control females but this protection was lost if the female rats had diabetes (Fig. 6A ). Suture occlusion model showed identical results (Fig. 6B) . HT was also greater in diabetic animals regardless of the method of stroke and this appeared to be more prominent in female rats (Fig. 6C, D) . Neurological deficits were lower in female controls as indicated by higher composite scores on day 3 especially after embolic MCAO. However, this protection was lost in the diabetic setting (Fig. 7A, B) . ART showed similar results. Control female animals were able to remove the adhesive tape much faster than males but diabetic females failed to do so (Fig. 7C, D) . 
Discussion
The failure of all the therapeutic approaches, with the exception of tPA, in improving outcomes in clinical stroke trials prompted a critical look at the preclinical studies. The Stroke Therapy Academia Industry Roundtable (STAIR) Committee suggested that all promising experimental stroke treatments fail in humans because preclinical studies use relatively young and healthy animals without confounding factors that are commonly found in patients [29] . Given that diabetes, an important comorbidity that is found in almost 30-40% of acute ischemic stroke patients, worsens neurovascular injury and recovery after stroke, there has been a surge in recent years in diabetic stroke research in experimental models. While these past studies made important contributions to our knowledge and identified therapeutic targets to improve recovery in male animals, fundamental questions regarding the impact of sex and use of tPA on stroke outcomes in diabetes remained unanswered. Thus, the current translational study directly addressed these gaps.
Past investigations showed that in all experimental models, diabetes worsened functional outcomes [2, 6, 25, [30] [31] [32] . While some studies, including ours, demonstrated that diabetic status does not necessarily increase the infarct size, vascular injury was found to be greater in all diabetic models as compared to control animals [4, 6, 8, 33, 34] . Most of these past studies used the suture occlusion model to induce stroke, and studies with the embolic model, especially in combination with tPA, are limited. Fan and colleagues [9] reported that type 1 diabetic male rats are resistant to thrombolytic perfusion resulting in greater infarction and hemorrhage. In a followup study, they reported that early glycemic control reduces injury at 24 h [8] but they did not report functional outcomes. Another group demonstrated that tPA treatment increased hemorrhage and did not reduce infarction or neurological deficits in type 1 diabetic male rats while it was effective in reducing infarct size and improving outcomes in control rats [4] . The current study builds upon these reports and shows that tPA treatment given at 90 min after induction of ischemia effectively reduced infarct size in both female and male control rats but showed a differential effect in diabetes: reducing infarct in females but not males. tPA treatment also reduced the edema, especially in the diabetic animals, which may have resulted from the decrease in infarct size. tPA increased bleeding significantly in both female and male diabetic animals. From a functional point of view, diabetic animals did very poorly. Despite the decrease in infarct size and edema, tPA treatment failed to restore neurological deficits in female and male diabetic animals with the exception of composite score in male diabetic rats. These findings provide important data with respect to direct comparison of neurovascular injury and neurological function after an embolic stroke with and without tPA treatment in both sexes. Type 1 diabetes induced by STZ injection is the most commonly used model of diabetes in preclinical stroke studies. Previously, we have used the Goto-Kakizaki (GK) rats, spontaneous type 2 model of diabetes, and showed greater vascular injury after ischemic stroke in both suture and embolic model without significant change in the infarct size [6] . GK rats have mild/moderate hyperglycemia levels around 200 mg/dl. However, this is a lean model with no changes in lipid profile. In addition, female GK rats are resistant to development of diabetes. Among the type 2 diabetic rat models, the HFD plus low-dose STZ model was developed more than a decade ago and has been adopted repeatedly in many diabetes focusing on diabetic complications [35] [36] [37] [38] . Thus, in the current study, we used this model to increase clinical relevance of our studies.
Most, if not all, embolic stroke studies in animal models used approximately 10-fold higher doses of tPA (10 mg/kg) than the dose used in humans (0.9 mg/kg) ,and this was based on an earlier in vitro study which demonstrated that the rodent fibrinolytic system is 10-fold less sensitive to tPA [39] . We and others have shown that low dose tPA (0.9 to 1 mg/kg) is as effective as high dose [7, 11] . In addition to its thrombolytic effects, tPA exerts neurotoxic effects. Thus, in the current study, we used a low dose, close to the human dose, in an embolic model that utilizes a humanized and stable clot [20] . Our data show that, in this model, there is spontaneous resolution of the clot starting within 2 h and CBF returns to baseline levels by 6 h. Administration of tPA accelerates clot lysis in a similar fashion in both control and diabetic groups. This finding is different than an earlier study which reported resistance to tPA-induced reperfusion by 10 mg/kg tPA in a type 1 diabetic rat model [9] . This may be due to differences in the diabetes model and/or the use of a humanized clot that is more amenable to lysis by the recombinant human tPA.
It is well established that women are protected from cardiovascular disease, including stroke, until they reach menopause after which there is a disproportionate increase in the incidence and severity of ischemic stroke [40, 41] . Women suffer from poorer outcomes, greater disability and mortality as well as increased risk of cognitive impairment following stroke [40, 41] . Results from preclinical models using aged or ovariectomized animals suggested that sex hormones, estrogen in particular, may be contributing to the neuroprotection observed in young females and more importantly showed that molecular mechanisms of cell death may differ between males and females, emphasizing the importance of studying both sexes in preclinical models [42] [43] [44] [45] . Preclinical studies investigating diabetic stroke in females are extremely limited. There is no specific information about HT development in female animals. In the db/db model of type 2 diabetes, it was reported that females develop smaller infarcts than that observed in male mice in a hypoxia model of brain injury [16] . The same group later showed that estrogen stimulates recovery in control but not in diabetic female animals [15] . On the other hand, Sakata et al. [14] reported that ischemic injury induced by MCAO is greater in type 2 diabetic female KKAy mice than in male counterparts but there was no difference in neurological deficits. There is clinical evidence that diabetes increases stroke risk, especially in younger individuals and females [46] . Thus, in the current study, we used aged-matched, relatively young, female and male rats. Our results show that, while control females exhibit smaller infarcts than males, as extensively reported in the literature, diabetic female rats develop infarction similar to male animals in both the embolic and suture occlusion models of stroke. Equally important, to the best of our knowledge, this study provides the first evidence of HT, which is greater in female diabetic rats than in male diabetic rats or controls. Results of behavioral tests completely support the neurovascular injury profile with female diabetic animals displaying the greatest deficits.
The goal of this translational study was to compare and contrast the impact of diabetes on stroke outcomes in both sexes. Based on our novel findings, the next step would be ultimately to dissect the underlying mechanisms contributing to the worsened hemorrhage and lack of tPA efficacy in female diabetic rats. While it is purely speculative, it is likely that the reasons are multifactorial and may be due to sex differences in oxidative stress pathways or tPA signaling. It is also known that estrogen activates the coagulation pathways [47] , and there may be sex-related effects of diabetes on coagulation pathways and thrombosis. In addition to diabetes, the interaction between tPA signaling and the coagulation pathways in both sexes need to be further studied as well.
In conclusion, this study addressed the complex interaction of diabetes, stroke, and tPA in both sexes. We demonstrate, for the first time, that tPA provides neuroprotection in both sexes in control and diabetic conditions. While it offers partial improvement of sensorimotor deficits in male diabetic animals, tPA treatment does not improve outcomes in female diabetic rats. The additional novel findings of this study are that (1) diabetes negates neurovascular protection observed in young female rats, and (2) there is greater HT in female diabetic rats as compared to male rats or controls. As recently reviewed, stroke in women is greatly understudied [45] . Our findings strongly support the notion that including both sexes with comorbid conditions is especially important in both preclinical and clinical studies that evaluate potential stroke therapies.
